The removal of SO, from simulated gas streams (N2/OZ/H20/S02) is experimentally investigated using a dielectric barrier discharge; and by computer modeling. Conversion of SO2 to primarily H,SO, is found to be limited by the generation of OH radicals. Increasing the concentrations of O2 and HZ0 increases the generation of OH radicals and results in more removal of SO, from gas streams. Removal efficiencies of > 80% were experimentally achieved. Results from the model suggest that more efficient removal is obtained with a series of short, high E/N current pulses rather than a single, low E/N current pulse. Results from the model also suggest that uv illumination.of the plasma to photolyze 0s will improve the removal of SO1 from the gas stream. Photolysis of 0s produces 0( '0) atoms which generate OH radicals by H abstraction from H,O, thereby increasing the removal of SO,.
I. INTRODUCTION
Sulfur dioxide (SO,) is a gaseous air contaminant emitted from coal-fired electrical power plants. Its harmful effects have been recorded with respect to human health, vegetation, and materials.lT3 Moreover, SO2 emitted into the atmosphere is a precursor to acid rain, being responsible for two-thirds of the acidity of atmospheric precipitation." Absorption using lime or limestone is the traditional method of removing SO? from gas streams that are generated by large power plants. The high cost of this technology and the added burden of disposing of large quantities of reaction end products have made absorption techniques less attractive both environmentally and economically.5 One alternative to absorption which has been studied for more than a decade is gas-phase oxidation of SO, using plasmas generated with electron beams (e-beams).6 The capital cost and x-ray hazard associated with e-beam-based removal systems has motivated studies into alternate plasma-based removal technologies such as pulsed corona discharges,',' and dielectric barrier discharges (DBD) as demonstrated by Sardja and Dhali.' These discharges use lower voltages (20-40 kV), alternating current, and have lower capital cost compared to e-beams. DBDs are commonly used to generate large volumes of 0s (i.e., ozonizers) lo and are now being developed as incoherent uv light sources." As a result, their technology is beginning to mature and may be transferable to industries requiring the removal of SOa from gas streams.
Plasma-based removal of SO, from gases generated by the combustion of fossil fuels containing sulphur relies on tivo mechanisms. The first, which we call direct removal, is the dissociation of SO2 by direct electron impact or by excitation transfer from other molecules, principally N,(A):
Nz(A) + S02-'N2 + SO + 0,
so2 + o-so3:
In the absence of other processes; direct removal of SOZ in dry air ultimately results in a conversion of SO, to other SO, products (SO, SOs). The second removal process, which we call chemical removal, is based on chemically altering SOa to a species that is more easily removed from the gas stream. In moist gas streams,8"2 chemical removal is based on the generation of OH radicals which successively oxidize SO;? to sulfuric acid, H2S04, OH + S02+HS0s, k,,=7.4X
lo-l2 cm3 s-t, (44 OH + HSOs + H,S04, k4h=9.8x10-12 cm3 s-;kb) ' IAuthors to whom correspondence should be addressed.
where ki denotes the rate coefficient for the indicated process at a gas temperature of 300 K. Due to the lowequilibrium vapor pressure of H2S04, the H2S04 molecules will condense from the gas stream resulting in the formation of droplets. These droplets can then be removed by particle separation and removal devices (e.g., fabric filters or electrostatic precipitators).13 In the case of flue gases, the object is to make "acid rain" in the flue instead of in the atmosphere. The source of OH radicals in moist gas is direct electron dissociation impact of H20, and dissociative excitation transfer reactions. A particularly efficient source of OH is the hydrogen abstraction reaction from HZ0 by O( 'D) atoms, l4
In e-beam-generated plasmas, OH radicals are produced dominantly through an ion channel." One such initiating reaction is charge exchange from N$; Hz0 '30 eham + N2+N2' -+ H2O + -+ H,O+ +OH.
Here the production of a single OH radical requires at least 15.5 eV (ionization potential of N,). In electric discharge devices such as DBDs, OH is dominantly produced through the neutral channel as shown in Eq. (5).
In this paper, we report on an experimental and theoretical study of the removal of SO2 from gas streams using a DBD. We experimentally obtained > 80% removal of SO2 in a simulated gas stream having an initial SO2 concentration ([SO,]) of 1000 ppmv (parts per million by volume) in a gas mixture of N2/02/H20 = 76.9/20.5/2.6. The removal efficiency of SOz increased with increasing [Hz01 and [02] in the gas stream indicating that chemical removal is a more efficient removal mechanism than direct removal. These observations are consistent with suggestions resulting from previous studies of corona and e-beam irradiation.8.12 Based on these results and those from a computer model for plasmabased removal of S02, we propose that a system using combined plasma excitation and photolysis of chemical reaction products will result in more efficient removal of SO1 than chemical removal using a DBD only.
In Sec. 11, the experimental apparatus and procedures will be described. The computer model for plasma processing of SO, and important reaction pathways will be discussed in Sec. III. Experimental and modeling results for SO2 removal will be presented in Sec. IV, followed by our proposal for a more efficient method of removing SO, by combining plasma with optical processing in Sec. V. Our concluding remarks are in Sec. VI.
II. DESCRIPTION OF THE EXPERIMENTAL APPARATUS
The experimental apparatus used in this study is shown in Fig. 1 . The streams simulating flue gases were generated using compressed gases (SOZ, N2, and drygrade air) regulated by mass flow controllers (Tylan, Inc., .15 HZ0 was added to the gas by passing part of the stream through a controlled temperature HZ0 bath. [H,O] was determined with a dew point hygrometer (General Eastern Hygro-Ml 
where the subscripts denote flowing operation of the cell with the DBD on and off, respectively.
Ill. DESCRIPTION OF THE MODEL AND REACTION PATHWAYS
A comprehensive computer model has been developed to simulate plasma excitation and processing of gas streams produced by sulfur-containing fuel combustors. The model is conceptually similar to other models of atmospheric pressure discharges, such as those used for avalanche lasers,16 and therefore will be only briefly described. The simulation consists of submodels for the discharge circuitry, electron kinetics, and heavy particle plasma chemistry. Electron impact rate coefficients are obtained by solving Boltzmann's. equation for the electron energy distribution using a two-term spherical harmonic expansion." We are able to simulate plasma excitation of gas streams initially consisting of mixtures of NZ, 02, H,O, C02, SOa, NO, and NO,. The 120-Hz plasma excitation used in the experiment is modeled by simulating successive discharge pulses and their afterglows. The initial conditions (species mole fractions) for a given discharge pulse are obtained from the values at the end of the previous afterglow.
To account for the pertinent plasma chemistry during and following the discharge, a total of 74 species and 360 reactions are included in the model. The choice of reaction mechanisms were guided by previous models of SO, removal in e-beam-excited plasmas. 18-20 The dominant reaction pathways are shown in Fig. 2 . SO2 may be directly dissociated, dominantly to SO + 0, by electron impact or excitation transfer. Dissociation by excitation transfer proceeds primarily by collisions with electronically excited N2 (k2 = 3 X lo-" cm3s"*).18Nzhasthehighestmole The formation of OH is dominated by two processes in electric discharges: direct electron impact and hydrogen abstraction from H20, FIG. 2. Schematic of the dominant direct and chemical reaction pathways to remove SO* from gas streams. Direct removal results primarily in producing other SO, species. Chemical removal is optimized by generation of OH radicals.
O('D) + H,O+OH + OH, kt0=2.2X 10-r' cm3 s-l,
where rate coefficients for electron impact processes are shown for typical midpulse conditions. Smaller amounts of OH are contributed through charge-exchange reactions, as shown in Eq. (6). Due to the much larger reaction rate constant in Eq. (9) (while [O,] and [H,O] are of the same order of magnitude), the production of OH is dominated by hydrogen abstraction from Hz0 by 0 ( '0) under most conditions. Reactions that deplete 0( 'D) will reduce the rate of removal of SO, due to the accompanying reduction in the production of OH. These reactions are primarily
O('D) + H20+0 + H20, k13= 1.2x lo-" cm3 s-t.
The combined [OJ and [NJ are always large compared to that for the [H,O] . Therefore quenching of 0( 'D) is a significant loss mechanism for the production of OH. However, since. the rate coefficient for hydrogen abstraction from H,O producing OH is large compared to that for quenching, smaller amounts of H,O can beneficially con- 
Large improvements in the removal of SO2 are therefore expected when increasing [Oz] and [Hz01 to approximately 10% to 20% by volume. During a single discharge pulse and its afterglow, the [SO,] is determined by a combination of the reactions described above. The conditions at which these processes dominate, however, are different. For example, the [SO,] during and immediately after a single discharge (pulse length = 500 ns) in a Nz/02/Hz0 = 0.84/0.06/0.10 mixture having an initial [SO;l = 1000 ppmv is shown in Fig.  3 . During the period labeled I, SO? is removed by dissociation to SO dominantly by electron impact and excitation transfer from Nz( A). During the first few ps following the discharge pulse (labeled II), SO reforms to SO2 by collisions with 0 thereby replenishing its concentration. In the following tens of ps, SO, is oxidized by OH to H,S04 and is therefore permanently removed from the gas phase.
IV. REMOVAL OF SO2 USlNG A DIELECTRIC BARRIER DISCHARGE A. Experlmental results
Due to the filamentary nature of the DBD, the entire gas volume is not excited every discharge pulse. The typical area density of microstreamers in a DBD is a few per cm', and their diameters are many hundreds of micrometers.21 For a discharge frequency of 120 Hz and gas residence time of a few seconds, the average volume of gas is processed by approximately 2-10 pulses. The removal of SO, we measure at gas residence times of a few seconds therefore results from at most tens of discharge pulses per unit volume of the gas.
The dependence of removal efficiency q on residence time of the gas in the reactor and applied voltage is shown in Fig. 4 20.512.6 with an [SOZ]a of 1000 ppmv. v increases with increasing gas residence time, and corresponding energy deposition, up to 7 s and then levels off between 7.5 and 10 s. In .excess of 80% removal is obtained for these conditions. For the same gas residence time, increasing voltage, and hence energy deposition, increases g even when removal is saturated due to gas residence time. These results suggest that 7 does not necessarily simply scale with energy deposition but also depends on the manner of energy deposition. The current pulse width in DBDs scales inversely with ionization rate which increases with increasing voltage."' These observations imply that for a given total energy deposition, 77 increases with decreasing ~current pulse width. This trend is also~suggested by ~results from the model, as will be discussed below.
The removal of SO? as a function of [SO&, is shown in Fig. 5 for different processing voltages. The carrier gas mixture is N2/02/H,0 = 76.9/20.5/2.6 and the gas residence time is 5 s. Both the percent and absolute removal of SO;? are shown. In excess of 80% removal is obtained for [SO& = 300 ppmv. SO, removal increases with increasing voltage and energy deposition; however, the fractional removal monotonically decreases with increasing [SO&. The absolute removal, though, behaves differently. At lower energy deposition the absolute removal is constant with increasing [SO& implying that the removal is limited by energy deposition. At higher-energy deposition, the absolute removal increases with increasing [SO& for values ZG 600 ppmv implying that the process is not energy limited for those concentrations. At low [SO&,, the majority of removal occurs early during the current pulse and afterglow. Additional precursors to the removal of SO, are otherwise consumed before reacting with SOz or HS03 because of the low concentrations of these species. Increasing [SO,] increases the probability that these precursors are beneficially utilized. For example, a competing process for the consumption of OH is OH+O-t02+H, k1s=3.0X10-" cm3s-i.
To ensure efficient utilization of OH, one must have [SO,l/[O] > k,q'k4a z 0.5. During processing, the maximum [0] is 1-10X 10" cm -3 which corresponds to 40-400 ppmv. Therefore, in order to efficiently utilize OH, [SOJo must exceed many hundred ppmv, which is confirmed by the results in Fig. 5 . The dependence of the removal efficiency of SO2 on [H,Olo is shown in Fig. 6 . The [O,] is 20.5% by volume, the gas residence time is 5 s, and [SO& = 1000 ppmv. q is negligible in the absence of H,O, but increases with increasing [HzOlo to the maximum value used, 2.6% by volume. The improvement in removal efficiency with increasing [H2010 results from an increasing chemical component to the removal, a consequence of production of increasing concentrations of OH radicals.S*'2 The direct removal of SO2 dominantly converts SO, to SO,. The low removal of SO? in the absence of Hz0 implies that there is an efficient rate of chemically reducing SO3 thereby reforming SO2, when SO3 is not hydrolyzed by H?O.
The dependence of 77 on [OJo is shown in Fig. 7 for an [HZ01 of 1.8% by volume. 77 increases sharply with increasing [O& up to 5% by volume with a more gradual increase for [OZlo of 5%-2 1% by volume. The low rate of removal at small [O,] is indicative of the low efficiency of the direct removal mechanism for these conditions. The production of OH radicals is low in the absence of O2 since OH is then produced primarily by direct electron impact of HZ0 or excitation transfer from N,(A). Therefore the direct removal mechanism dominates, which ultimately depends on hydrolysis of SO3 by HZ0 for permanent removal. As [O;Io increases, the rate of production of OH also increases, principally by production of O( 'D) atoms and abstraction reactions as shown in Eq. (5). The saturation of the removal of SOZ with increasing [O,] is largely due to insufficient [H20] . That is, the rate of production of OH is not limited by the production of precursors such as 0( 'D) but rather by the lack of H20. Under these condi- The entire gas volume is not processed on every discharge pulse in a DBD, as discussed above. To reduce the length of the calculation when stimulating the experiments, though, we assumed that the entire gas volume was processed each half-cycle by individual pulses somewhat longer than those commonly associated with DBDs (many hundreds as opposed to tens of nanoseconds). In this way, only 4-10 individual discharge pulses and afterglows need to be calculated for a given set of conditions. In order for this assumption to be valid, the products of any plasmainitiated chemistry must reach a new equilibrium composition during the g.3-ms between pulses. As shown below, this is the case. The computed removal of SO, for various [Oslo is shown as the solid line in Fig. 7 . Because of uncertainties in the energy deposition in the reactor, the calculation was normalized to the experiment at [Ode = 21% by varying the total-energy deposition in the model. Following this method for normalization, agreement at [Ozlo = 21% was obtained with an energy deposition of 30 mJ cm -3. For an average gas residence time of 5 s, this is a power deposition of6mWcmm3.
The agreement with experiment at other values of [0210 is quite good. The [OH] and [SO,] during and after a single current pulse are shown in Fig. 8 for different [0210. Increasing [O,lo results in a higher rate of generation of OH which contributes directly to the removal of S02. These results confirm that at low [O,] , removal of SO, is limited by lack of generation of OH due to insufficient production of O ( 'D) . At high [Oz] , OH production, and hence SO, removal, is limited by the lack of H20. That is, 0( '0) reacts with other species prior to reacting with HzO.
The [SO,] during and after a series of discharge pulses (120 Hz) is shown in Fig. 9 . For these results, the initial gas temperature was 410 K, reflecting conditions more similar to those for gases generated by combustion. Concentrations are shown for two total-energy depositions 60 and 100 mJcm -m3. The energy is deposited in either a single pulse or in four smaller pulses. During any single discharge pulse, only lo%-15% of the initial SO, is removed; a substantial amount of removal of SOZ is obtained by a series of such pulses in a DBD. The removal of SO, per pulse logically increases with increasing energy deposition. The total removal of SO, at an energy deposition of 60 mJ cm -3 is approximately the same in either pulse for-1.0 TIME (ms) FIG. 9 . Simulated SO, concentration ([SO& = 1000 ppmv) for a total discharge energy deposition of 60 and 100 mJ cm -3. Energy is deposited in either a single pulse or four smaller pulses. The removal efficiency is larger when the energy/pulse is smaller due to a higher E/N during the current pulse.
mat. At the higher-energy deposition, though, more total removal of SOz is obtained by having energy deposition occur in a series of smaller pulses. The energy efficiency to remove SO,, though, behaves differently. As a measure of energy efficiency, let us define j3 = A[SO#Eo,, (change in [SO#energy deposition). We tind that /? increases as the energy/discharge pulse 'decreases, and p increases as the number of pulses for a given energy deposition increases, For the results in Fig. 9 , /3 = 2.5 ppmv/ (mJ cm -. ") for a single discharge pulse of 100 mJ cm-3 and 3.9 ppmv/(mJ cm -3, for a sequence of 4 pulses totalling 60 mJ cm -3.
The improvement in efficiency as the energy/pulse decreases is a consequence of the change in E/N that occurs during the discharge pulse. Early during the current pulse, the E/N is high and the rates of dissociation and excitation are also high. As the current pulse reaches a quasi-steadystate condition at a lower E/N, a larger fraction of the power is deposited into vibrational modes of the molecules, which does not directly produce precursors to SO, removal. Therefore, many short current pulses which consist primarily of the avalanche stage produce a larger proportion of precursors by dissociation than does a single current pulse operating with a lower average E/N.
V. COMBINED PLASMA PHOTOLYSIS
Since chemical removal of SOZ is limited by generation of OH radicals, more efficient methods of producing OH should improve the efficiency of removing SOz from gas streams. We suggest that uv illumination of the gas stream may serve this purpose. Large concentrations ( 10'4-10'5 cm _ 3, of ozone ( 03) can be 'generated in DBDs." OX by itself, however, is relatively stable in these mixtures. O3 can, however, be photolyzed by uv light (a < 300 nm) producing 0( 'D) with a quantum yield of >0.9.14 The -0( 'D) atoms then efficiently produce OH radicals by the reaction in Eq. ( 10). A similar strategy has been previously used in the removal of organics in liquid H1_0. To investigate the potential benefits of simultaneously using uv illumination and plasma to remove SO2 from gas streams, we included the photolysis reactions shown in Ta 
Though O3 is fairly long lived, it does decrease in concentration as a result of collisions with O2 and Nz. Therefore one must use a uv flux that is sufficiently high that O3 is photolyzed before removal from the gas phase by other mechanisms. When using 120 Hz in a DBD, one should ideally utilize the O3 in the interpulse period as 0s can be consumed during the following pulse. This latter constraint can be somewhat relaxed under actual operating conditions since every gas volume is not processed by the DBD on every half-cycle. The minimum uv flux required to fully utilize O3 can be estimated by (17) where @ is the uv flux (photons/cm'), cr is the photolysis cross section (1.15X lo-l7 cm'), and kj is the rate coefficient for species i having concentration Ni to react with 03. The dominant quenching species during and after a current pulse and their rate coefficients at room temperature are shown in Table II . Using species concentrations during and following a typical current pulse, one finds that high utilization of generated 03 is obtained when @ > 10-20 W cm _ 2. [SO,] during and after a single dis-1.21 charge pulse as computed with the model is shown in Fig.  11 for different uv fluxes. The minimum uv flux required for high utilization of O3 during a single inter-pulse period is lo-20 W cmV2, confirming our estimate based on quenching. Allowing that each gas volume is not processed on each half-cycle, this minimum Rux may be lowered somewhat. However its value will ultimately be limited by kinetic quenching of O3 to many W cm _ 2. At high levels of illumination, the removal of SO2 may actually decrease slightly due to the photolysis of intermediates in the chemical removal process, principally HO,.
The absorbed optical energy required to photolyze O3 is very nearly one photon per molecule since absorption cross sections for other components in the gas stream at 250 nm <il< 300 nm are small. For OX concentrations of 1014-10'5 cm -3 and /z = 254 nm, total pliotolysis of O3 occurs with an absorbed optical energy of'0. l-l mJ cm -'. Incoherent. sources of uv radiation in the desired wavelength range have intrinsic energy efficiencies as high as 3O%.'O The energy required per discharge pulse to completely photolyze 0, is therefore 0.3-3 mJ cm P3.
The practicality of plasma-based removal of SO2 from gas streams depends in large part on matters such as the energy budget, and the presence of other impurities in the gas stream. For example, CO2 is a product of combustion and is contained in flue gases to about 10% by volume. The presence of other gases usually decreases the efficiency of removal of SO2 by intercepting intermediate radicals. CO2 quenches O('D)(k = 7.4 X 10-l' cm3s-') and therefore will reduce the production of OH by hydrogen abstraction from H20. The presence of NO, in flue gases reduces the removal of SO,, however the same chemistry contributes to the removal of NO, via oxidation by OH to HNOB. This aspect of removal in DBDs will be addressed in an upcoming publication.
The energy deposition required for total removal of SO2 ( 1000 ppmv) in a N2/02/H20 = 0.7/0.2/O. 1 mixture is shown in Fig. 12 . Results are shown for using plasma excitation only, and with combined plasma photolysis. The parametrization is over discharge pulse energy deposited in the gas, and shows that more efficient removal occurs with smaller energy/pulse. DBDs deposit small amounts of energy/pulse, and are at the left of the figure. The results also show that large amounts of energy are required to remove SO2 when using only the plasma in the large-pulse regime. Processing using combined plasma photolysis requires about half the discharge energy for the same removal. To estimate the total amount of energy (directly deposited in the plasma and energy expended in generating the uv photons), we assumed that the uv flux could be produced with an energy efficiency of 30%, and that half of the uv flux is absorbed in the plasma. The former efficiency has been demonstrated in incoherent uv sources using extimer molecules." With these assumptions, the total energy required for removal is also shown in Fig. 12 and can be less than 100 mJ cm -3. In e-beam-based plasma processing 2 100 mJ cm -3 are required to remove 1000 ppmv of S02.'" Therefore combined plasma photolysis using DBDs appears to be quite competitive with e-beam-based removal techniques. 
Vi. CONCLUDING REMARKS
In conclusion, we have experimentally and theoretically demonstrated the removal of SO;? in gas streams containing HZ0 using dielectric barrier discharges. Removal increases under conditions where the production of the OH radical is enhanced; increasing [02] and [HZ01 achieves these goals. Further improvements in removal of SO2 can be obtained by illuminating the plasma with uv light to photolyze 03. The resulting 0( '0) atoms abstract H from HzO, thereby increasing the production of OH, and improving removal of SOI from the gas stream. Improvements of 100% in the rate of removal of SO2 can be obtained using this method. Excitation schemes which have many short-current pulses with high average E/N results in more efficient removal than a smaller number of longcurrent pulses. Dielectric barrier discharges are ideal in this regard. From an energy budgeting viewpoint, only short-pulse excitation schemes are likely to be efficient enough to be considered for commercial applications.
